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[1] The aerosol radiative effects (ARE) on the deep convective clouds are investigated by
using a spectral-bin cloud-resolving model coupled with a radiation scheme and
an explicit land surface model. The sensitivity of cloud properties and the associated
radiative forcing to aerosol single-scattering albedo (SSA) are examined. The ARE on
cloud properties is pronounced for mid-visible SSA of 0.85. Relative to the case
without ARE, the cloud fraction and optical depth decrease by about 18% and 20%,
respectively. Ice particle number concentrations, liquid water path, ice water path, and
droplet size decrease by more than 15% when the ARE is introduced. The ARE causes a
surface cooling of about 0.35 K and significantly high heating rates in
the lower troposphere (about 0.6 K day�1 higher at 2 km), both of which lead to a more
stable atmosphere and hence weaker convection. The weaker convection explains the
less cloudiness, lower cloud optical depth, less LWP and IWP, smaller droplet size, and
less precipitation resulting from the ARE. The daytime-mean direct forcing induced by
black carbon is about 2.2 W m�2 at the top of atmosphere (TOA) and �17.4 W m�2 at the
surface for SSA of 0.85. The semi-direct forcing is positive, about 10 and 11.2 W m�2 at
the TOA and surface, respectively. Both the TOA and surface total radiative forcing
values are strongly negative for the deep convective clouds, attributed mostly to aerosol
indirect forcing. Aerosol direct and semi-direct effects are very sensitive to SSA when
aerosol optical depth is high. Because the positive semi-direct forcing compensates
the negative direct forcing at the surface, the surface temperature and heat fluxes decrease
less significantly with the increase of aerosol absorption (decreasing SSA). The cloud
fraction, optical depth, convective strength, and precipitation decrease with the increase of
absorption, resulting from a more stable atmosphere due to enhanced surface cooling and
atmospheric heating.
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1. Introduction

[2] Aerosols interact directly and indirectly with the
Earth’s radiation budget and climate. As for the direct effect,
aerosols scatter and absorb solar radiation [Charlson and
Pilat, 1969; Coakley et al., 1983]. As for the indirect effect,
aerosols act as cloud condensation nuclei (CCN) and affect
cloud properties [Twomey, 1977; Rosenfeld, 2000]. Also,
aerosol absorption and backscattering modify the atmo-
spheric temperature structure, decreases the solar radiation
at the surface, and lowers surface moisture fluxes, suppress-
ing convection and reducing cloud fraction [Ackerman et al.,

2000; Ramanathan et al., 2001b]. This phenomenon has
been referred as to the ‘‘semi-direct effect’’ [Hansen et al.,
1997; Johnson et al., 2004]. The addition of anthropogenic
aerosols to the atmosphere may change the radiative fluxes
at the top-of-atmosphere (TOA), at the surface, and within
the atmospheric column. Recent reports summarize that on
a global average the sum of direct and indirect forcing
by anthropogenic aerosols at the TOA is likely to be
negative and may be comparable in magnitude to the
positive forcing of about 2.4 W m�2 by anthropogenic
greenhouse gases [Intergovernmental Panel on Climate
Change (IPCC), 2001]. Large uncertainties exist in current
estimates of the aerosol forcing because of incomplete
knowledge concerning the distribution and the physical
and chemical properties of aerosols as well as aerosol-cloud
interactions.
[3] The estimation of the direct radiative forcing exerted

by aerosol is complex to quantify because anthropogenic
particles are generally a complex mixture of different
chemical components [Hegg et al., 1997; Ramanathan
et al., 2001a; Levitt et al., 2007]. The uncertainty of the
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aerosol direct climate forcing is about a factor of 2 to 3,
whereas the indirect forcing is even much larger and
difficult to quantify [IPCC, 2001]. The measured TOA
direct forcing on the regional scale ranges from �9 to 2
W m�2 [Ramanathan et al., 2001b; Ramachandran, 2005].
The semi-direct effect introduces added feedbacks due to
the radiative properties of the aerosol (i.e., absorption), and
has been studied in the recent years. Ackerman et al. [2000]
showed that a decrease in cloudiness commensurate with
heating associated with absorbing aerosols. Johnson et al.
[2004] and Feingold et al. [2005] suggested the importance
of the vertical location of the absorbing aerosol: Absorbing
aerosol may reduce or increase the cloud water and cloud
fraction. On the other hand, the reduction in downwelling
solar radiation and associated decrease in surface latent and
sensible heat fluxes result in significant reduction in cloud
water and cloud fraction [Feingold et al., 2005; Jiang and
Feingold, 2006]. The semi-direct forcing was estimated to
be about 15 W m�2 for stratocumulus [Johnson et al., 2004]
and 7.5 W m�2 for trade cumulus [Ackerman et al., 2000].
[4] Black carbon (BC) is an important absorbing aerosol

produced primarily from incomplete fossil fuel and biomass
burning. In the atmosphere, BC particles interact with other
aerosol particles and gas phase species and exist at various
mixing states [Zhang and Zhang, 2005]. The impact of BC
on clouds and radiative forcing depends on the mixing state.
Coating on BC aerosols may significantly increase the
absorption of solar radiation [Chylek et al., 1995]. BC
was commonly treated as a core coated by the other
components when studying aerosol radiative properties
[Ackerman and Toon, 1981; Jacobson, 1999]. It has been
demonstrated that the climate effects of BC aerosols are
more significant on the regional scale than on the global
scale [Wang, 2004]. A polluted urban atmosphere typically
has an elevated aerosol loading because of emissions from
transportation and industry [Zhang et al., 2004a], which
may exert significant aerosol radiative forcing. High ozone
and aerosol concentrations (over 105 cm�3) have been
identified to exist in the Houston area, associated with
transportation and industrial activities [Brock et al., 2003;
Lei et al., 2004; Zhang et al., 2004b; Li et al., 2005, 2007;
Fan et al., 2006]. Evidence has been provided that high
aerosol loading over Houston may considerably affect cloud
development and even lightning activity [Bond et al.,
2001; Orville et al., 2001; Zhang et al., 2003]. The
observed BC mass concentrations at LaPorte in Houston
were up to 2.0 mg m�3 [Fast et al., 2006], and the simulated
mass mixing ratio of BC to ammonium sulfate was up to 1:8
[Fan et al., 2005]. The effect of anthropogenic aerosols on
direct radiative forcing is significant in the vicinity and
downwind of the urban area of Houston. The observed
aerosol radiation forcing during the afternoon periods was
between �30 and �80 W m�2 [Fast et al., 2006]. Fast et al.
[2006] also indicated that the predicted shortwave radiation
was 30 to 40 W m�2 closer to the observations in the
vicinity of Houston when the aerosol radiative properties
were incorporated into the shortwave radiation scheme.
[5] We have previously investigated the aerosol indirect

effect on the cumulus clouds in the Houston area using a
two-dimensional cloud-resolving Goddard Cloud Ensemble
(GCE) model with the spectral-bin cloud microphysics [Fan
et al., 2007a, 2007b]. In this paper, a more comprehensive

investigation of aerosol effects on deep convective clouds is
performed by incorporating the radiative transfer processes
and the land-atmosphere interaction processes into the GCE
model, focusing on the radiative effects of anthropogenic
aerosols containing BC. An aerosol radiative module is
developed to calculate the wavelength-dependent aerosol
radiative properties based on the aerosol composition, size
distribution, mixing state, and ambient relative humidity.
The significance of the aerosol radiative effects (ARE) is
investigated by comparing with the case excluding the
ARE. The associated aerosol direct, semi-direct and indirect
radiative forcing values for deep convective clouds are
estimated, and the sensitivity of cloud properties and
radiative forcing to aerosol single-scattering albedo (SSA)
are examined. Although the effects of aerosols including
absorbing components on clouds and radiative forcing have
been investigated by model simulations in previous studies
[Johnson et al., 2004; Feingold et al., 2005; Jiang and
Feingold, 2006; McFarquhar and Wang, 2006], few studies
have simultaneously examined the aerosol direct, semi-
direct, and indirect effects on clouds using a spectral-bin
cloud-resolving model (CRM) coupled with a state-of-the-
art land surface model and an aerosol radiative module to
online calculate the aerosol radiative properties.

2. Model Description

[6] The GCE model employed in the present study is 2-D
and nonhydrostatic. The description of the model dynamics
and microphysics has been presented by Fan et al. [2007a],
and more details on those processes are discussed by Khain
et al. [2004] and Tao et al. [2003a]. The 2-D spectral-bin
cloud model employed in the present study has been
extensively validated for its capability to capture the macro-
and microphysical characteristics of deep convective clouds
[Fan et al., 2007a, 2007b; Johnson et al., 2004; Tao and
Simpson, 1993; Khain and Pokrovsky, 2004]. Several pre-
vious studies have also concluded that, although some
aspects of 2-D simulations differ from 3-D simulations,
many important statistical characteristics, such as mean
temperature and water profile, cloud fraction, and precipi-
tation rates, etc., tend to be similar [Khairoutdinov and
Randall, 2003].
[7] The spectral-bin microphysics is based on solving an

equation system for eight number size distributions for water
drops, ice crystals (columnar, plate-like and dendrites),
snowflakes, graupel, hail/frozen drops and aerosols/CCN.
Each size distribution is represented by 33 mass doubling
bins. The initial aerosol size distribution was originally
calculated by an empirical formula: N = N0Sw

k [Pruppacher
and Klett, 1997], where Sw is the supersaturation with
respect to water, and the CCN activation is calculated for
single-component aerosols according to the Köhler theory.
We have modified the initial aerosol size distribution and
CCN activation [Fan et al., 2007a, 2007b], to reflect the
aerosol/CCN characteristics in the Houston region. The
activation schemes for multiple-component soluble aerosols
and aerosols with a slightly soluble or insoluble core have
been incorporated into the GCE model to investigate the
effects of aerosol chemical compositions on clouds [Fan
et al., 2007a]. The supersaturations with respect to water and
ice are calculated with an explicit analytical method. The
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supersaturation (Sw) used to calculate droplet nucleation is
linked to the droplet growth by diffusion.
[8] The GCE model employed in this study has been

further updated by incorporating a Goddard radiation
scheme and an explicit Goddard land surface model,
Parameterization for Land-Atmosphere-Cloud Exchange
(PLACE) [Wetzel and Boone, 1995; Tao et al., 2003a], to
investigate the aerosol radiative effects on deep convective
clouds and the associated forcing. An aerosol radiative
module has been developed and coupled into the radiation
scheme to on-line calculate the wavelength-dependent
aerosol optical depth (AOD), single-scattering albedo
(SSA), and asymmetry factor (AF) based on the aerosol
characteristics and ambient relative humidity.

2.1. PLACE Land Surface Model and Goddard
Radiation Scheme

[9] The PLACE represents a detailed interactive process
model of the heterogeneous land surface (soil and vegeta-
tion) and adjacent near-surface atmosphere. PLACE con-
sists of linked process models (e.g., net radiation,
evapotranspiration, ground heat storage) and emphasizes
the vertical transport of moisture and energy through the
5 layer soil moisture and the 7 layer soil temperature
column to the overlying heterogeneous land surface. The
additional two soil temperature layers are used to aid in
resolving large temperature gradients near the surface.
Momentum, sensible, and latent heat fluxes are calculated
using similarity relationships [Zilitinkevich, 1975; Businger
et al., 1971]. More details on the description of PLACE are
presented by Wetzel and Boone [1995]. The atmospheric
component of GCE provides surface winds, surface air
temperature, surface pressure, moisture, shortwave and
longwave radiation, and precipitation to the land surface
model (PLACE). The land surface component returns
momentum, sensible heat, and latent heat fluxes to the
atmosphere, and the coupling is two-way interactive. A 2-D
GCE coupled with the PLACE model has previously been
utilized to investigate landscape-generated deep convection
[Lynn et al., 1998; Baker et al., 2001] and the sensitivity of
convection to land cover in the semi-arid regions of West
Africa [Mohr et al., 2003; Alonge et al., 2007].
[10] The latest version of the Goddard radiation scheme

includes shortwave and longwave radiation models [Tao et
al., 2003a, 2003b]. The shortwave radiation model of Chou
and Suarez [1999] is employed to compute the solar fluxes
due to absorption and scattering by clouds, aerosols and gases
(including water vapor). Fluxes are integrated virtually over
the entire spectrum, from 0.175 to 10 mm. The spectrum is
divided into seven bands in the ultraviolet (UV) region
(0.175–0.4 mm), one band in the photosynthetically active
radiation (PAR) region (0.4–0.7 mm), and three bands in the
near infrared region (0.7–10.0 mm). In the UV and PAR
region, a single O3 absorption coefficient and a Rayleigh
scattering coefficient are used for each of the eight bands. In
the infrared wavelength range, the k-distribution method is
applied to compute the absorption of solar radiation. Reflec-
tion and transmission of a cloud and aerosol-laden layer are
computed according to the d-Eddington approximation.
Fluxes for a composite of layers are then computed using
the two-stream adding approximation. The longwave radia-
tion parameterizations developed by Chou et al. [1999] and

Kratz et al. [1998] are implemented into the GCEmodel. The
IR spectrum is divided into nine bands. In addition, a narrow
band in the 17 mm region is added to compute flux reduction
due to N2O. In the solar spectral region, the k-distribution
method with temperature and pressure scaling is used to
compute the transmission function in the weak absorption
bands of water vapor and minor trace gases (N2O, CH4,
CFC’s). A look-up table method is used to compute the
transmission function in the strong absorption bands.

2.2. Aerosol Radiative Module

[11] The wavelength-dependent aerosol radiative proper-
ties such as AOD (t), SSA (s), and AF (g) are the key
factors to determine the aerosol radiative effects on clouds
and associated forcing. Instead of using the fixed aerosol
radiative properties during the simulations as in some
previous studies [e.g., Johnson et al., 2004; McFarquhar
and Wang, 2006], an aerosol radiative module has been
developed and incorporated into the radiation scheme to
online calculate the aerosol radiative properties as a function
of wavelength (l), on the basis of the aerosol composition,
size distribution, mixing state, and ambient relative humid-
ity. The module includes the methodologies for the external
and core-coated internal mixing states.
[12] For the internally mixed aerosol components, the

complex refractive index of aerosol particles is calculated
based on the volume-weighted average of the individual
refractive index [Hänel, 1976]. The real and imaginary parts
of the complex refractive index, denoted by n(i, l) and k(i, l),
respectively, for aerosols in a size bin (i) at a certain
wavelength (l) are determined by:

n i;lð Þ ¼
Xm
l¼1

n l; i;lð Þ f lð Þ; k i;lð Þ ¼
Xm
l¼1

k l; i;lð Þ f lð Þ ð1Þ

where m is the number of aerosol components and f(l) is the
volume fraction of the component (l). The Mie theory
[Bohren and Huffman, 1983] is employed to calculate the
extinction efficiency (Qe), scattering efficiency (Qs), and
asymmetry factor (g) as functions of the size parameter, x =
2pr/l, where r is the particle’s wet radius. The hygroscopic
growth of a water-soluble component at a certain ambient
humidity is calculated by the relation defined byMallet et al.
[2004],

rg;a oð Þ ¼ rg;a bð Þ 1� hð Þe ð2Þ

where h is the relative humidity. In general, aerosols over
polluted urban area such as in Houston are a complex mixture
of organic and inorganic components, whose composite
hygroscopicity is difficult to quantify. Models and measure-
ments have suggested about 30% sulfate and 32% organics
(including elemental carbon (EC)) in the total PM2.5 mass
[Fan et al., 2005]. The coefficient e depends on the aerosol
type, and is equal to 0.25 for particulate organic matter
[Chazette and Liousse, 2001] and 0.285 for ammonium
sulfate, nitrate, and sea salt [Hänel, 1976]. In the present
study, a value of 0.25 for e is employed for the internal
mixture of ammonium sulfate and BC. Clearly, the applica-
tions of equation (2) and the exponent factor need to be
validated by future field studies.
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[13] To avoid repeated Mie calculations at the later time
steps, we first obtain a look-up table containing aerosol
optical properties, i.e., Qe, s, and g, over all size ranges
covered by 33 bins and a set of refractive indices that
represent a range of indices typical of atmospheric aerosols
by performing full Mie calculations. In all subsequent steps
of this algorithm, the Mie calculations are skipped, and the
Qe, s, and g for an aerosol particle are obtained by interpo-
lating linearly from the look-up table with the calculated
complex refractive index and size parameter according to the
aerosol characteristics and relative humidity.
[14] The aerosol optical depth (t(l, j)) at a certain l and

atmospheric layer (j) is calculated by integration over the
aerosol particles in all of 33 size bins,

t l; jð Þ ¼
X33
i¼1

Qe l; rið Þpr2i n ri; jð Þdzj ð3Þ

where n(ri, j) represents the aerosol number concentrations
and dzj is the height of the atmospheric layer. Note that
ri is the wet particle radius corrected with the hygro-
scopic growth and calculated from equation (2). Assuming
t(l, ri, j) = Qe(l, ri)pri

2n(ri, j)dzj, the weighted-mean values
of SSA (s) and AF (g) for the aerosol mixture at a certain
wavelength and layer are calculated by

s l; jð Þ ¼
X33
i¼1

t l; ri; jð Þs l; ri; jð Þ
�X33

i¼1

t l; ri; jð Þ ð4Þ

g l; jð Þ ¼
X33
i¼1

t l; ri; jð Þs l; ri; jð Þg l; ri; jð Þ
�X33

i¼1

t l; ri; jð Þs l; ri; jð Þ

ð5Þ

[15] For the externally mixed aerosol components, the
aerosol radiative properties t, s, and g are first calculated
for each component, and the ensemble aerosol radiative
properties for the total aerosol population are summed over
all of the components [Wolf, 2002].
[16] Once the wavelength-dependent aerosol radiative

parameters t, s, and g are determined, they are transferred
to the shortwave and longwave radiative transfer models
and then interact with the other components of GCE such as
dynamical, microphysical, and surface processes along with
the cloud radiative properties.

3. Model Configuration and Validation

3.1. Initial Conditions and Design of Numerical
Experiments

[17] The initial sounding used in the simulations is from
Lake Charles (93.21W, 30.11N) near the Houston area, and
is at 7:00 am (local time) on 24 August 2000 (Figure 1). The
vertical temperature and dew point profiles reveal an
unstable atmosphere with a convective available potential
energy (CAPE) of 1800 J kg�1, integrated from the level of
500 m. The surface temperature is 23.2�C and the surface
relative humidity is 87% (Figures 1a and 1b). The sounding

Figure 1. Initial profiles of temperature (T), dew point (Td), water vapor mixing ratio (w), and
horizontal winds u and v from a sounding near Houston at 7:00 am on 24 August 2000.
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also reveals a weak wind shear (Figure 1c). The computa-
tional domain is composed of 1024 � 33 grid points with a
horizontal resolution of 500 m. There are 33 stretched
vertical levels with a resolution of 280 m at the lowest
level and 1260 m at the top. Open boundary conditions are
used at the lateral boundaries. The dynamic time step is 6 s.
The time steps for diffusion growth and droplet nucleation
is several times smaller than the dynamic time step, which
are chosen to be equal to the time required for particles in
the smallest nonempty bin to reach the next mass category
during condensation or to be transferred to a neighboring
mass bin during evaporation [Khain et al., 2004]. The
radiation and land surface processes are calculated every
3 min.
[18] The initial surface conditions for PLACE are broadly

representative of land cover in the Houston area as shown in
Table 1. This heavily urbanized region contains a mixture of
impervious cover, lawns, and deciduous broadleaf trees and
bushes. The soils are typical of coastal plains, sandy and
silty clays and clay loams. The low percentage of vegetation
cover reflects the sprawling urban infrastructure of build-
ings and transportation networks. Initial soil moisture and
soil temperature values are based on examination of the
NCEP/NCAR daily reanalysis of soil moisture, soil temper-
ature, and precipitation for the week preceding 24 August
2000. The reanalysis of volumetric soil moisture in the
layers 0–10 cm and 10–200 cm for the Houston area has a
range of 0.20–0.28 cm3 cm�3. The initial soil moisture
values in Table 1 assume additional drying in the layers
above 10 cm after rainfall on 22 August. Both soil temper-
ature and moisture are randomly varied within the ranges in
Table 1 across the model domain to account for the
variability of the urban landscape.
[19] A series of sensitivity simulations have been per-

formed. We first perform a control run, i.e., AR_85,
considering aerosol radiative effects. The initial aerosol
size distribution in AR_85 is from the modeled results
and has been compared and validated with the observations

[Fan et al., 2006, 2007a, 2007b]. The aerosol concentration
with the size larger than 60 nm is over 1000 cm�3. Aerosols
are represented by internal BC-cores surrounded by ammo-
nium sulfate. Preliminary analysis from in situ measure-
ments of the mixing states of BC during TexAQS 2006
shows about 70% internally mixed BC in the Houston area
[J. P. Schwarz of NOAA, personal communication]. The
mass mixing ratios are assumed to be about 0.1 for BC and
0.9 for ammonium sulfate (Table 2). The activation scheme
accounting for the effect of the insoluble core is employed to
calculate CCN activation [Fan et al., 2007a]. As shown in
Table 2, the mid-visible (at 0.55 mm) SSA in AR_85 is 0.85,
and AOD and AF are 0.27 and 0.76, respectively, at the
initial time of the simulation, calculated from the aerosol
radiative module and consistent with observations in Hous-
ton. Generally, the observed mid-visible AOD is between
0.25 and 0.4, and the SSA falls in the range of 0.85–0.95. To
isolate the aerosol radiative effects, an additional simulation
referred to as NAR_00 is performed without considering
ARE. Hence NAR _00 is similar to AR_85, except that the
aerosol radiative properties, i.e., AOD, SSA, and AF, are set
to zero (without the aerosol radiative module) (Table 2). Two
additional simulations are performed for background aero-
sols (ammonium sulfate only), considering the aerosol
radiative effects to estimate the values of aerosol radiative
forcing, with one corresponding to the polluted aerosol case
referred to as SA_100 and the other corresponding to the
clean aerosol case as SAC_100. SA_100 has the same initial
aerosol size distribution as AR_85, but a simple Köhler
theory is employed for the activation of ammonium sulfate.
SAC_100 has a similar configuration as SA_100, except that
the aerosol concentration is only about 7% of SA_100,
which is about 3000 cm�3 (sum over the size distribution
dN/dln(Dp)). As shown in Table 2, the SSA values for both
cases are 1.0, since ammonium sulfate only has a scattering
effect. The AOD at 0.55 nm is 0.25 for SA_100, but is 0.009
for SAC_100. For all of the simulations, an exponential
decrease in aerosol concentrations with heights is used as the
initial condition at t = 0: N0 = N0(z = 0)exp((z � z0)/Dz),
where z0 = 2.0 km andDz = 1.2 km, which are obtained from
the CMAQ aerosol simulations [Fan et al., 2007a, 2007b].
Aerosols are distributed uniformly below 2 km (assuming
well-mixed).
[20] Additional simulations are performed on the sensi-

tivity of aerosol radiative effects to SSA. The mass ratio of
BC to ammonium sulfate is varied to yield the aerosol
mixtures with a range of mid-visible SSA: 0.85, 0.9, 0.95,
and 1.0 for pure ammonium sulfate. These reflect the typical
range of mid-visible SSAvalues observed in the atmosphere.
The calculations with the SSA of 0.85 and 1.0 correspond to
the simulations of AR_85 and SA_100, respectively. The

Table 1. Selected Vegetation and Soil Characteristics Used in

PLACE

Vegetation: Broadleaf
Bushes/Trees With Groundcover Soil: Sandy Clay Loam

Albedo 0.14 Albedo 0.15
% Veg. cover 30% Porosity 0.42
Leaf area index 4.0 Saturated hydraulic

conductivity
6.1 � 10�4

Root profile
layers 1–5

0.00 Initial soil moisture
layers 1–5

0.18–0.21
0.25 0.20–0.22
0.50 0.23–0.26
0.20 0.25–0.28
0.05 0.25–0.28

Surface roughness 1.0 % Silt 20%
Minimum stomatal
resistance

110.0 % Sand 55%

Biomass heat capacity 5.0 % Clay 25%

Legend: % veg. cover is the percentage of area covered by transpiring
vegetation; root profile is the cumulative frequency distribution of roots in
the 5 soil moisture reservoirs; surface roughness in m; minimum stomatal
resistance is in s m�1; surface biomass (water-equivalent) heat capacity in
J K�1 m�2. For soil, saturated hydraulic conductivity in m s�1. Initial soil
moisture is expressed as volumetric (cm3 cm�3) soil moisture, the ratio of
the volume of soil water to total soil volume.

Table 2. Aerosol Properties in Numerical Simulations

Cases Compositiona Conc., cm�3 b AODc SSAc AFc

NAR_00 0.9 Ammo. Sulf. 0.1 BC 4.2 � 104 0.0 0.0 0.0
AR_85 0.9 Ammo. Sulf. 0.1 BC 4.2 � 104 0.27 0.85 0.76
SA_100 1.0 Ammo. Sulf. 4.2 � 104 0.25 1.00 0.76
SAC_100 1.0 Ammo. Sulf. 3 � 103 0.009 1.00 0.72

aBased on mass mixing ratios.
bThe concentration is the sum over the aerosol size distribution

dN/dln(Dp).
cValues shown are at the wavelength of 0.55 mm.
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other two calculations with SSA = 0.90 and 0.95 have the
similar configurations as AR_85, with the exception of
different mixing ratios of BC to ammonium sulfate. The
initial mid-visible AOD decreases gradually from 0.27 to
0.25, as SSA increases from 0.85 to 1.0.
[21] All simulations are performed for a 10-h daytime

from 7:00–17:00. The analyses of most cloud properties are
from 120–480 min because the first 2-hr is considered as
the model spin-up time and the strongest convections with
the peak ice particle formation occur within one hour before
480 min (the cloud appears to be dissipating after 480 min).
In addition, the time period of 120–480 min corresponds to
the local time of 9:00–15:00, when the solar radiation is
strongest and aerosol radiative effects are more prominent.
However, the estimates of forcing are based on the entire
daytime simulations.

3.2. Validation of the Coupled GCE Model

[22] Although the surface model PLACE and the Goddard
radiation scheme have been validated separately in previous-
ly studies [Mohr et al., 2003; Alonge et al., 2007; Tao et al.,
2003b], the performance of the fully coupled model system is
examined here by comparing with observations and other
modeling results. Figure 2 shows the comparisons of the
surface temperature and the downwelling surface infrared
fluxes between the modeled values from AR_85 and the
observed values from the site of La Porte in Houston [Zamora
et al., 2003, 2005]. The modeled surface temperature and the
downwelling surface infrared fluxes are generally in agree-
ment with the observations, although the model tends to
slightly overestimate the surface temperature and underesti-
mate the downwelling surface infrared fluxes. The sharp
decrease in the observed temperature at 480 min is attributed
to a storm occurring at that site. The maximum difference in
the downwelling surface infrared fluxes between themodeled
and observed values is only about 10 W m�2. Because of the

poor data quality of the sensible and latent heat fluxes from
observations, comparisons of those parameters with the
values from the MM5 simulations in the study of surface
heat fluxes [Zamora et al., 2003] are provided. The modeled
maximum sensible and latent heat fluxes from AR_85 are
about 314 and 318 W m�2, occurring at 330 and 250 min,
respectively, consistent with 310 and 300 W m�2 at 360 and
300 min, respectively, from the MM5 simulations. Also, the
modeled maximum surface solar flux is 945 W m�2, consis-
tent with the observed value of 960 W m�2. The good
agreement of these parameters between the observations
and simulations indicates that the surface model responds
correctly to the changes in net radiation and the coupled
system is able to provide robust simulations. The overesti-
mation of surface temperature and the earlier peak for heat
fluxes have also been observed in other model studies with
PLACE [Mohr et al., 2003; Alonge et al., 2007].
[23] In addition, the simulated cloud optical depth (tc) is

compared with the observed tc from MODIS satellite
observations for deep convective clouds in the area. By
averaging the tc values from 40 to 100 (deep convective
clouds), the model yields a value of about 69, close to the
observed average value of 73 for the period of August 2002.
The analysis of satellite observations indicates that the
average tc for deep convective clouds from 2002 to 2006
does not change appreciably.

4. Results and Discussion

4.1. Aerosol Radiative Effects (ARE)

[24] Comparisons are made between the simulations with
(AR_85) and without the ARE (NAR_00). Figure 3 shows
the time series of cloud microphysical fields averaged over
all cloudy grids from 120 to 480 min. Note that the aerosol
composition and initial size distribution are identical for the
two simulations. On the basis of the mean values averaged

Figure 2. Time series of (a) the surface temperature and (b) the downwelling surface infrared fluxes
from model simulation AR_85 (solid line) and observations (diamond).
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over the time period shown in Figure 3a, the droplet number
concentration of AR_85 does not differ appreciably from
that of NAR_00 (Table 3), since the aerosol composition
and size distribution are identical in both cases and the
differences in the vertical velocity between the two cases are
not large enough to significantly affect the average droplet
concentration during the simulation period. However, the
simulation with the ARE (AR_85) has much lower ice
particle concentrations than that without the ARE
(NAR_00) (Figure 3b). The liquid water path (LWP) and
ice water path (IWP) for the two cases are presented in
Figures 3c and 3d, respectively. The LWP is defined as the
sum of the mass-integrated mixing ratios of cloud water and
rainwater that determine the water clouds, while IWP is
defined as the sum of the mass-integrated mixing ratios of

ice crystal, snow, graupel, and hail that determine the ice
clouds. With the inclusion of the ARE, both LWP and IWP
decrease significantly, by about 15% (Figures 3c and 3d).
(Throughout the paper, a claim of significant is based on the
average difference over a certain domain and/or time period
that is no less than 15%). Also as shown in Figure 3, the
peak values of cloud microphysical properties are delayed
when the ARE is considered. Ice formation starts at a later
time when convection is weak and the cloud does not reach
a cold enough temperature. Also, the high ice number
concentrations and large IWP occur at different times. At
the initial stage of ice clouds, the ice number concentrations
are low and ice particles grow quickly, and the cloud area is
narrow horizontally but deep vertically, leading to a large
average IWP. When the cloud develops to favor ice forma-

Figure 3. Time series of (a) cloud droplet number concentration, (b) ice particle number concentration,
(c) LWP, and (d) IWP averaged over all cloudy grids for NAR_00 (solid) and AR_85 (dotted).
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tion later, ice number concentrations are much higher but
the cloud is distributed over a larger area to form a thin
stratiform cloud, resulting in relatively lower IWP averaged
over the cloud area. The mean cloud microphysical proper-
ties averaged over the cloudy grids and the simulation time
from 120 to 480 min are shown in Table 3. The average
cloud droplet number concentration changes from 191 to
203 from NAR_00 to AR_85. This increase is about 5%,
which is rather minor. The average ice particle number
concentration (Ni) in AR_85 is about 35% lower than that in
NAR_00. The average LWP and IWP decrease by about
15% when including the ARE, primarily because ARE
suppresses convection and results in shallower clouds.
The IWP values shown in Table 3 are large because the
case simulated represents a deep convective system and
there are large amounts of cloud ice, snow, graupel, and hail
formation. With the ARE, the average droplet effective
radius (re) is overwhelmingly smaller for AR_85 during
the time period of 120–480 min, as shown in Figure 4a:

Generally, re is about 0.5–1.0 mm smaller. The average re
decreases from 5.9 mm in NAR_00 to 5.6 mm in AR_85
(Table 3). The vertical profile of re (Figure 4b) reveals that
the differences in re are especially noticeable at heights
above 6 km, probably because less water vapor reaches a
higher level from a weaker convective strength due to ARE.
[25] The direct radiative effect of strongly absorbing

aerosols reduces the incoming solar radiative fluxes at the
surface. The reduction in the surface radiative fluxes may
lead to a decrease in surface heat fluxes, which suppresses
convection. Figure 5 presents the surface temperature and
heat fluxes from AR_85 and NAR_00. With the ARE, the
average surface temperature decreases by about 0.35 K. The
surface sensible heat fluxes decrease by up to 28 W m�2,
but the latent heat fluxes decrease less significantly than the
sensible heat fluxes. The differences in the latent heat fluxes
between NAR_00 and AR_85 become smaller starting from
300 min. This is explained since precipitation humidifies the
air near the surface in both cases and decreases the latent

Figure 4. (a) Time series of average cloud droplet effective radius (re), and (b) the vertical profiles of
average re for NAR_00 and AR_85.

Table 3. Cloud Properties Averaged Over the Cloudy Grids During 120–480 min for the Simulations NAR_00, AR_85, SA_100, and

SAC_100

Cases Nc, cm
�3 Ni, L

�1 LWP, g m�2 IWP, g m�2 re, mm tc
a tc

b fcld wmax, m/s rrain
c, mm/h

NAR_00 191.15 34.38 335.69 1944.99 5.85 24.34 4.83 0.18 4.98 0.18
AR_85 203.19 22.85 286.91 1684.01 5.59 22.41 3.83 0.15 4.56 0.09
SA_100 253.27 31.07 337.88 1721.31 5.50 25.64 5.06 0.18 4.82 0.18
SAC_100 12.98 5.11 314.34 1447.58 12.20 6.03 1.34 0.21 4.95 0.31

aCloud optical depth averaged over the cloudy grids during 120–480 min.
bCloud optical depth averaged over the whole horizontal domain and the time period of 120–480 min.
cRain rate averaged over the whole horizontal domain and the time period of 240–480 min, since rain starts around 240 min.
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heat fluxes. Figure 6 shows the temporal variation of the
updraft velocity averaged over the grids with a velocity
greater than 1.0 m/s in the simulation domain. Generally,
the convective strength is significantly weaker in AR_85
than that in NAR_00. The averaged domain-maximum
updraft velocity (wmax) during 120–480 min is about 5.0
m/s in NAR_00 and 4.6 m/s in AR_85. Therefore the ARE
decreases the surface heat fluxes and weakens the convec-
tive strength. The weaker convective strength leads to
shallower clouds and weaker ice processes, resulting in less
cloudiness, less ice particle concentrations and IWP. Note in
Figure 3 and Table 3 the changes in ice microphysical

properties are more significantly than those in warm-cloud
microphysical properties, because a weaker convection
due to ARE leads to less water vapor reaching a higher
level, resulting in much weaker ice processes. As shown
in Figure 7a, the cloud fractions (fcld) over the entire
domain in AR_85 (dotted line) are significantly less than
those in NAR_00 (solid line). The fcld decreases by about
18% on average (Table 3), with the maximum of over
60% (Figure 7a), when the ARE is considered. The cloud
optical depth (tc) also decreases significantly (Figure 7b).
Averaged over the entire horizontal domain and the time
period of 120–480 min, tc decreases by more than 20%, as

Figure 5. Time series of average (a) surface temperature, (b) sensible heat flux, and (c) latent heat flux
for NAR_00 and AR_85.

Figure 6. Time series of average updraft velocity for NAR_00 and AR_85. The values are averaged
over the velocities greater than 1.0 m/s.
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shown in Table 3. Note that the magnitude of the averaged tc
over the domain is low because of a large domain and low
cloud fraction. Also shown in Table 3, the values of tc
are much larger when averaged over the cloudy grids.
Figure 8 illustrates the vertical profiles of the heating rates
averaged over the simulation time of 120–480 min. The
heating rates below 5 km in AR_85 are significantly

higher than those in NAR_00 due to aerosol absorption.
The peak heating rate is at about 2 km with an average value
of 2.7 K day�1 in AR_85, which is about 0.6 K day�1 higher
than that in NAR_00. The heating rate of 0.6 K day�1

resulting from the aerosol semi-direct effect decreases the
relative humidity and temperature lapse rate (Figure 9),
contributing to significant decreases in cloud fraction and

Figure 7. Time series of (a) cloud fraction, (b) averaged cloud optical depth over the domain for
NAR_00 (solid), AR_85 (dotted), SA_100 (dashed), and SAC_100 (dash-dotted).

Figure 8. Vertical profiles of the heating rates averaged over the horizontal domain for NAR_00,
AR_85, SA_100, and SAC_100.
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cloud optical depth as shown in Figure 7. The decreases in
LWP, cloud fraction, and cloud optical depth by including
the ARE have also been found by Jiang and Feingold
[2006] for warm convective clouds.

[26] The differences in the vertical profiles of temperature
and relative humidity between the cases with ARE (AR_85)
and without ARE (NAR_00) are shown in Figure 9. The
data are averaged over the entire domain and the time steps
within one hour prior to the cloud formation. With the
ARE, the temperature decreases below about 1.6 km
above the surface, but increase for the layers above 1.6 km
(Figure 9a), indicating a cooling effect near the surface and a
heating effect in the elevated atmosphere. The cooling causes
an increase of relative humidity near the surface, but the
heating decreases the relative humidity significantly aloft
(Figure 9b). The heating effect also decreases the temperature
lapse rate above the boundary layer, leading to a more stable
atmosphere. In order to determine the contribution of
the decreased relative humidity and temperature lapse rate
to the convection, the differences in CAPE due to the changes
in the profiles of temperature (DCAPET) and relative hu-
midity (DCAPEW) resulting from the ARE are calculated.
The results show that DCAPET is much more negative than
DCAPEW, indicating that the decrease in the temperature
lapse rate from the aerosol semi-direct effect may contribute
more significantly to the suppression of convection.
[27] The aerosol radiative effects also impact precipitation.

The domain-averaged rain rate (rrain) during 240–480 min is
reduced by about 50% (Table 3). The rain rates are averaged
from 240 min when the rain starts. The time dependence of
the accumulated rain per grid for NAR_00 (solid line) and
AR_85 (dotted line) is shown in Figure 10. With the ARE
(AR_85), the accumulated rain also decreases by a factor of
2. The decrease in precipitation primarily results from the
shallower clouds due to weaker convection caused by the
aerosol radiative effect.
[28] The aerosol radiative effects are further evaluated by

comparing the simulations of SA_100 and SAC_100 with
the background aerosols (ammonium sulfate only) for the
polluted and clean conditions, respectively. Without the
absorbing component of aerosols, the cloud fraction and
cloud optical depth shown in Figure 7 for SA_100 are close
to those for NAR_00, but significantly higher than those for

Figure 9. Differences in the vertical profiles of (a)
temperature and (b) relative humidity between the cases
with ARE (AR_85) and without ARE (NAR_00).

Figure 10. Time series of the accumulation rain per grid for NAR_00, AR_85, SA_100, and SAC_100.
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AR_85. The clean case (SAC_100) has the largest cloud
cover and lowest cloud optical depth, because of much more
convective cells and much larger droplet sizes (Figure 7 and
Table 3). The simulations without the absorbing component
of aerosols (i.e., SA_100 and SAC_100) have the similar
vertical profiles of the heating rates as the simulation
without the ARE (NAR_00), as shown in Figure 8. The
difference in the average surface temperature between the
SA_100 and NAR_00 is about 0.25 K, and the differences
in the sensible and latent heat fluxes are only a few W m�2.
Therefore the scattering effect of ammonium sulfate on
surface heat fluxes is small. Also as shown in Table 3,
SA_100 has a higher cloud droplet number concentration
(253.3 cm�3) than NAR_00 (191.2 cm�3), resulting from
the CCN activation processes. The higher droplet number
concentrations are responsible for the smaller droplet size in
SA_100. Compared with three polluted cases (NAR_00,
AR_85, and SA_100), the ice particle number concentra-
tions and IWP in SAC_100 are much lower, indicating a
weaker ice process in the clean case due to much less
droplet number concentrations and much stronger warm
rain processes (coalescence). Figure 10 shows much more
precipitation for the clean case than for the polluted cases.
In contrast to the increases in convection and precipitation
with aerosols in our previous study of aerosol indirect
effects on a warm-bubble initiated cumulus cloud [Fan et
al., 2007b], the convection and precipitation are suppressed
by aerosols for the clouds induced by the surface heating
through radiation, when considering the fully interactive
radiation and land surface processes. Our results are con-
sistent with the study using a fully coupled cloud-resolving
model and land-surface model by Jiang and Feingold
[2006] for warm convective clouds. The suppressed con-
vection due to aerosol radiative effect was also discussed by
Leaitch et al. [1983].
[29] Separate estimates of the direct, semi-direct, and

indirect forcing values at the TOA and surface (SFC) are
made according to the definitions by McFarquhar and
Wang [2006]. The total forcing (ftotal) is the difference in
the net radiative fluxes between the simulation for the
polluted air with BC (AR_85) and the simulation with the
clean background aerosols (SAC_100). The combination of
the direct and semi-direct forcing, fdirect+semi, is defined

as the difference in the net fluxes between the simulation
for the polluted air with BC (AR_85) and the simulation
with the polluted background aerosols (SA_100), account-
ing for the direct effect of black carbon on the radiative
budget. The difference in the net fluxes between the
simulation with the polluted background aerosols
(SA_100) and the simulation with the clean background
aerosols (SAC_100) corresponds to the non-absorbing aero-
sol indirect forcing (findirect). The direct forcing of BC, fdirect,
is derived from the difference in the clear-sky net fluxes
between the simulations of the polluted air with BC
(AR_85) and the polluted background aerosols (SA). Table 4
summarizes the calculated forcing values for AR_85 aver-
aged over the entire domain and during the daytime (from
7:00 to 17:00 local time). The total aerosol radiative
forcing, ftotal, at the TOA and surface are �11.6 and
�31.9 W m�2, respectively. The predicted forcing value
at the surface agrees with the observations, about (�30.0)
to (�40.0) W m�2 [Fast et al., 2006]. The semi-direct
forcing of BC, fsemi, is 10.0 W m�2 at the TOA and
11.2 W m�2 at the surface. The direct forcing induced by
BC is positive (2.2 W m�2) at the TOA, but is strongly
negative at the surface (�17.4 W m�2). The sum of direct
and semi-direct forcing, fdirect+semi, warms the TOA by
12.2 W m�2 and cools the surface by a smaller magnitude
(�6.2 W m�2). Because the semi-direct forcing compen-
sates the direct forcing at the surface, the reduction of the
surface fluxes due to the ARE is not so significant, as
shown in Figure 5. Compared with the semi-direct forcing
estimates of 15 W m�2 for stratocumulus by Johnson et al.
[2004] and of 7.5 W m�2 for the trade cumulus by
Ackerman et al. [2000] at the surface, the estimate of
11.2 W m�2 in the present work is close to the median
value between the previous studies. Xu et al. [2003]
reported a daily mean surface direct radiative forcing of
�11.2 W m�2 over Yangtze delta region in China, slightly
higher than our daily mean value of �8.7 W m�2 estimated
from the daytime-mean value of �17.4 W m�2 because of a
larger AOD. The TOA indirect radiative forcing (findirect) is
estimated to be�23.8 Wm�2 and the surface findirect is about
�25.7 W m�2, much higher than those reported over the
tropical Indian Ocean (INDOEX) [Ramanathan et al.,
2001b]. For much more polluted air in Houston, the aerosol
indirect forcing should be higher than that for the INDOEX
case.

4.2. Sensitivity to SSA

[30] Table 5 shows the TOA and surface solar radiative
fluxes averaged over the entire domain and during the
daytime for the simulations with different SSA and the
relative net fluxes to the pure ammonium sulfate case (i.e.,
SSA = 1.0). At the TOA, the upwelling fluxes (F"(TOA))

Table 4. Estimates of Radiative Forcing for AR_85

W m�2 TOA SFC

ftotal �11.6 �31.9
fdirect+semi 12.2 �6.2
fdirect 2.2 �17.4
fsemi 10.0 11.2
findirect �23.8 �25.7

Table 5. Solar Radiative Fluxes for Different SSA and Relative Forcing to Pure Ammonium Sulfate (SSA = 1.0)

SSA F#(TOA) F"(TOA) F#(SFC) F"(SFC) Fnet (TOA) Fnet (SFC)

Net Fluxes Relative
to SSA = 1.0

TOA SFC

0.85 986.81 �106.62 657.15 �7.57 880.18 649.58 14.05 �5.81
0.90 986.81 �112.81 658.24 �7.40 874.00 650.85 7.86 �4.55
0.95 986.81 �119.15 659.02 �7.31 867.66 651.71 1.53 �3.68
1.00 986.81 �120.67 662.62 �7.23 866.13 655.39 0.00 0.00

D08209 FAN ET AL.: AEROSOL RADIATIVE EFFECTS

12 of 16

D08209



are reduced with the decrease of SSA due to the increase of
aerosol absorption, leading to an increase in the net solar
radiative fluxes (Fnet(TOA)). The net TOA solar radiative
flux increases by 14.05 W m�2 when SSA decreases from
1.0 to 0.85, while the net surface solar radiative flux
decreases by 5.81 W m�2 because of the decrease of the
downwelling radiative flux (F#(SFC)) due to the increase of
absorption (Table 5). Increasing aerosol absorption leads to
higher heating rates in the lower troposphere (Figure 11).
The heating rate at 2 km for SSA = 0.85 is about 0.5 K
day�1 higher than that for SSA = 1.0. At the surface, the
heating rate for SSA = 0.85 is also about 0.3 K day�1

higher. This surface heating compensates the negative direct
forcing, causing the surface temperature to be insensitive to
SSA. As shown in Table 6, the average surface temperature
(Tsfc) decreases slightly from 306.09 to 305.98 K as SSA
decreases from 1.0 to 0.85. Consequently, the decreases in
the surface sensible (FSH) and latent heat fluxes (FLH) with
the decrease of SSA are insignificant (Table 6). Huang et al.
[2007] also found that the surface temperature did not
change considerably because of the canceling effect of
semi-direct forcing, consistent with the results in the present
study.
[31] Figure 12 illustrates the aerosol radiative forcing versus

SSA at the TOA (Figure 12a) and surface (Figure 12b). All
the forcing values correspond to the daytime-means. Aerosol
absorption is responsible for significant positive direct and
semi-direct radiative forcing at the TOA, and the semi-direct
effect overwhelms the direct effect for moderately or strongly
absorbing aerosol mixtures (Figure 12a). The sum of the direct
and semi-direct forcing yields only about 0.6 W m�2

positive TOA forcing at SSA = 0.95, but the value increases

to 12.1 W m�2 at SSA = 0.85. The TOA total radiative
forcing values are strongly nega-tive for all SSA cases due to
the aerosol indirect effect (Figure 12a). The indirect effect
related to the increase in cloud albedo and subsequently
negative TOA forcing dominates the positive TOA direct
and semi-direct forcing above the clouds for this case. This
is in agreement with the inves-tigation by Keil and Haywood
[2003] of the radiative forcing of biomass-burning aerosols in
Southern African. Also seen from Figure 12a, there is signif-
icantly less negative TOA forcingwith the decrease of SSA due
to the absorption of aerosols induced by BC (semi-direct effect).
[32] At the surface, BC leads to strongly negative direct

forcing and the value is up to 17.4 W m�2 at SSA = 0.85
(Figure 12b). However, the positive semi-direct forcing
partially compensates the negative direct forcing. Thus the
sum of direct and semi-direct forcing is much less negative,
with a value of �6.2 W m�2 at SSA = 0.85. Johnson et al.
[2004] indicated that for marine stratocumulus the semi-
direct forcing may well exceed the direct forcing even for
moderately absorbing aerosols. Both direct and semi-direct
effects are very sensitive to SSA at the surface. Note that
aerosol indirect forcing is dominant for the deep convective
clouds. Therefore the surface total radiative forcing is much
more negative by including the indirect effects, but it is not
as sensitive to SSA as the TOA total forcing, due to the
compensation of positive semi-direct forcing. The more
strongly negative surface radiative forcing for the lower
SSA cools the surface and decreases the sensible and latent
heat fluxes, leading to weaker convection, less cloudiness
and hence lower cloud albedo. These effects are enhanced
by the semi-direct effect of absorbing aerosols, which
decreases the temperature lapse rate and reduces the relative

Figure 11. Vertical profiles of the heating rates averaged over the horizontal domain for SSA of 0.85
(solid), 0.90 (dotted), 0.95 (dashed), and 1.00 (dash-dotted).

Table 6. Cloud and Surface Fields for Different SSA

SSA tc
a fcld wmax, m/s Accum. Rain Per Grid, mmb Tsfc, K FSH, W m�2 FLH, W m�2

0.85 3.83 0.15 4.56 0.19 305.98 207.67 233.48
0.90 4.15 0.16 4.62 0.28 306.03 210.88 234.57
0.95 4.45 0.17 4.81 0.34 306.06 212.74 235.27
1.00 5.06 0.18 4.82 0.37 306.09 213.88 235.72

aCloud optical depth averaged over the whole horizontal domain and the time period of 120–480 min.
bThe accumulated rain per grid at 480 min.
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humidity above the boundary layer, leading to a more stable
atmosphere. As shown in Table 6, the averaged domain-
maximum updraft velocity during 120–480 min decreases
from 4.82 m/s to 4.56 m/s, and the cloud fraction decreases
from 0.18 to 0.15 with the decrease of SSA from 1.0 to
0.85. The peak updraft velocity during the entire simulation
decreases significantly from 18 m/s for SSA of 1.0 to 13 m/s
for SSA of 0.85. The domain-averaged cloud optical depth
decreases from 5.06 at SSA = 1.0 to 3.83 at SSA = 0.85.
[33] As demonstrated in section 4.1, the aerosol radiative

effects reduce the precipitation. With the increase of
absorption (i.e., decrease of SSA), the accumulated rain
per grid at 480 min decreases significantly (Table 6). The
reduction in precipitation with the decrease of SSA is likely
caused by the increase in thermal stability from the BC-
induced surface cooling and atmospheric heating, which
suppresses convection and inhibits cloud formation. The
suppressed precipitation has also been found in a study
over the east of Asia on the radiative effect of core-coated
internally mixed aerosols containing BC [Huang et al.,
2007].

5. Conclusion

[34] A spectral-bin cloud-resolving GCE model coupled
with a Goddard radiation scheme and an explicit land
surface model has been employed to investigate the radia-
tive effects of core-coated internally mixed aerosols con-
taining BC on the deep convective clouds. An aerosol
radiative module has been developed to calculate the
wavelength-dependent aerosol radiative properties on the
basis of the aerosol composition, size distribution, mixing
state, and ambient relative humidity. The sensitivity of
cloud properties and the associated radiative forcing to
aerosol single-scattering albedo (SSA) have also been
examined.
[35] Aerosol radiative effects on cloud properties are

pronounced for mid-visible SSA of 0.85. Relative to the
case excluding the ARE, cloud fraction and optical depth
decrease by about 18% and 20%, respectively. Ice particle
number concentrations, LWP, IWP, and droplet size de-
crease by more than 15% when the ARE is introduced. The

ARE causes a surface cooling of about 0.35 K and signif-
icantly high heating rates in the lower troposphere (about
0.6 K day�1 higher at 2 km), both of which lead to a more
stable atmosphere and hence weaker convection. The semi-
direct effect of aerosols decreases the temperature lapse rate
and reduces the relative humidity above the boundary layer
and, consequently, suppresses convection. The weaker con-
vection explains the less cloudiness, lower cloud optical
depth, less LWP and IWP, smaller droplet size, and less
precipitation resulting from the ARE. The ice microphysical
properties change more significantly than warm-cloud mi-
crophysical properties, because the weaker convection due
to ARE leads to less water vapor reaching a higher level,
resulting in much weaker ice processes. The daytime-mean
direct forcing induced by black carbon is about 2.2 W m�2

at the TOA and �17.4 W m�2 at the surface for SSA = 0.85.
The positive semi-direct forcing of 11.2 W m�2 compen-
sates the negative direct forcing at the surface, causing a
much less negative forcing. Both the TOA and surface total
radiative forcing values are strongly negative for the deep
convective clouds, about �11.6 and �31.9 W m�2, respec-
tively, attributed mostly to the aerosol indirect forcing.
[36] Aerosol direct and semi-direct effects are very sen-

sitive to SSA when aerosol optical depth is relatively high.
The TOA semi-direct forcing increases significantly with
the decrease of SSA by decreasing the upwelling radiative
fluxes due to the increase of aerosol absorption. At the
surface, decreasing SSA (increasing absorption) leads to a
significant reduction of direct forcing, and a significant
increase of semi-direct forcing. Because the positive semi-
direct forcing compensates the negative direct forcing at the
surface, the surface temperature and heat fluxes decrease
less significantly. The aerosol indirect forcing is dominant
for deep convective clouds. The cloud fraction, optical
depth, convective strength, and precipitation decrease with
increasing absorption, resultant from a more stable atmo-
sphere due to enhanced surface cooling and atmospheric
heating.
[37] Our studies reveal that the direct and indirect aerosol

effects on clouds and precipitation are strongly dependent
on aerosol properties, cloud thermodynamic and microphys-
ical conditions, and the interacting processes. In our previ-
ous work of a cumulus cloud initiated by a warm bubble

Figure 12. The aerosol raidative forcing versus SSA at the (a) TOA and (b) surface.
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and with a prescribed surface fluxes, the aerosol indirect
effects led to stronger convection, larger cloud coverage,
and enhanced precipitation without considering radiation
and surface processes [Fan et al., 2007a, 2007b]. However,
for absorbing aerosols and clouds induced by surface heat
fluxes through radiation with the consideration of fully
interactive land surface and radiation processes, aerosol
radiative effects appear to more significant, by suppressing
convection and leading to less cloud fraction, lower cloud
optical depth, and less precipitation. The aerosol radiative
effects result in about 20% differences in cloud statistical
characteristics and 50% on precipitation. Those are signif-
icant results and are unlikely attributable to the numerical
uncertainties (such as noise or other artificial factors). The
presently numerical scheme used in the GCE model corre-
sponds to a state-of-the-art Multidimensional Positive Def-
inite Advection Transport Algorithm (MPDATA), which
generally produces less numerical noise [Johnson et al.,
2004]. Also, our results are consistent with the previously
published work that uses a fully coupled cloud-resolving
model and land-surface model by Jiang and Feingold
[2006].
[38] The present results show that aerosols with moderate

or strong absorption heat the lower atmosphere significant-
ly, change the energy balance between the surface and the
atmosphere, and stabilize the atmosphere. The reduction in
cloud fraction by absorbing aerosols may represent one of
the mechanisms contributing to the global warming despite
the aerosol cooling effect. In addition, this study implies
that the smoky aerosols from biomass burning may suppress
convections and reduce the precipitation, modifying the
water cycle and impacting the climate.
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